Estimation and Assessment of Substance Exposure (EASE) is an artificial intelligence program developed by UK's Health and Safety Executive to assess exposure. EASE computes estimated airborne concentrations based on a substance's vapor pressure and the types of controls in the work area. Though EASE is intended only to make broad predictions of exposure from occupational environments, some occupational hygienists might attempt to use EASE for individual exposure characterizations. This study investigated whether EASE would accurately predict actual sampling results from a chemical manufacturing process. Personal breathing zone timeweighted average (TWA) monitoring data for two volatile organic chemicals-a common solvent (toluene) and a specialty monomer (chloroprene)-present in this manufacturing process were compared to EASE-generated estimates. EASE-estimated concentrations for specific tasks were weighted by task durations reported in the monitoring record to yield TWA estimates from EASE that could be directly compared to the measured TWA data. Two hundred and six chloroprene and toluene full-shift personal samples were selected from eight areas of this manufacturing process. The Spearman correlation between EASE TWA estimates and measured TWA values was 0.55 for chloroprene and 0.44 for toluene, indicating moderate predictive values for both compounds. For toluene, the interquartile range of EASE estimates at least partially overlapped the interquartile range of the measured data distributions in all process areas. The interquartile range of EASE estimates for chloroprene fell above the interquartile range of the measured data distributions in one process area, partially overlapped the third quartile of the measured data in five process areas and fell within the interquartile range in two process areas. EASE is not a substitute for actual exposure monitoring. However, EASE can be used in conditions that cannot otherwise be sampled and in preliminary exposure assessment if it is recognized that the actual interquartile range could be much wider and/or offset by a factor of 10 or more.
INTRODUCTION
EASE (Estimation and Assessment of Substance Exposure, version 2 for Windows 3.1) is an artificial intelligence program developed in the 1990s by UK's Health and Safety Executive (HSE), a government agency that develops policy, performs research and enforces standards on occupational health and safety. HSE developed EASE to aid in risk assessment by estimating worker exposure when exposure data are unavailable. EASE output was based on UK exposure data from the National Exposure Database (NEDB) predominantly collected by the HSE. The EASE program is based on a computer-aided decision tree format that uses identified exposure conditions for a specific chemical to calculate a range for the chemical concentration. This range of concentration represents an estimated interquartile range (25th through 75th percentile) of predicted exposures.
Inaccurate assumptions can cause incorrect EASE predictions. The user should be knowledgeable about the assumptions that are built into EASE, as well *Author to whom correspondence should be addressed. Tel: +1 405 271 2070 ext: 46764; fax: +1 405 271 1971; e-mail: margaret-phillips@ouhsc.edu as other assumptions that might be applied. EASE built-in assumptions are (i) the sampled process is continuous; (ii) the process occurs at standard atmospheric pressure with usual exposure levels and engineering controls; (iii) the measured substance has a constant vaporization rate; and (iv) exposure is uniform for all workers. EASE gives estimates for a pure substance, not a mixture. If a mixture is assumed to conform to Henry's Law and Raoult's Law, the airborne concentration of a volatile component in a mixture can be estimated by multiplying the EASE estimate in parts per million (p.p.m.) and the percentage of pure component within the mixture.
EASE Version 2 does not allow the user to key in specific process information such as the quantity of substance used in the process or the length of time the worker is exposed. EASE determines a chemical's concentration in air based on the tendency of that substance to be airborne. Parameters used for this determination include the substance's vapor pressure at the process temperature or boiling point and the potential for aerosol formation. Aerosol formation is assumed if the process involves a large amount of splashing and stirring (HSE, 1997) .
HSE recently funded and published a comprehensive report by the Institute of Occupational Medicine (Cherrie et al., 2003) that documented the development of EASE, provided a literature review of recent validation studies and recommended revisions to EASE based on user critiques. According to this report, most validation studies found that EASE often overestimated measured exposures and also underestimated some exposures, rendering the program inconsistent. EASE was found to exclude important exposure determinants and the estimates provided were therefore considered ambiguous. The HSE study also compared EASE to other exposure assessment models and found EASE to be no worse than other available models. Version 3 has been developed and modifications are now being implemented with plans for future release. Some major software changes in Version 3 include a link provided for a vapor pressure database and the ability of the program to consider specific purposes. Further revisions may include updating the data set and using data from a variety of credible sources. The report concluded that prior to further revisions, the purpose and use of EASE should be clearly defined (Cherrie et al., 2003) .
To date, EASE validation studies have implicitly assumed that the measured exposure values from all air samples used for comparisons represented a single exposure scenario, or at least were dominated by one scenario. Though plausible for many manufacturing jobs where the worker remains in just one type of microenvironment throughout the work shift, this assumption cannot be accepted generally. It has been suggested that, in these validation studies, the observed tendency of EASE to overestimate exposures might be partly due to an invalid assumption of a uniform scenario. A reasonable next step in validating EASE might therefore be to compare EASE-based estimates to measured samples where multiple exposure scenarios exist.
Chloroprene and toluene exposure data from a polychloroprene manufacturing plant were used for this validation study of EASE Version 2. The manufacture of polychloroprene presents a range of scenarios suitable for the evaluation of EASE estimates of inhalational exposure to vapors. Polychloroprene is a synthetic rubber obtained by the polymerization of chloroprene [2-chloro-1,3-butadiene (CD)]. Because chloroprene is a derivative of butadiene, a suspected human carcinogen, chloroprene has been monitored closely in industrial processes. The fraction and temperature of chloroprene present in the process stream varied according to the tasks performed and also changed as the chemical process progressed. The chloroprene manufacturing process was enclosed except for specific tasks such as changing filters, sampling the product and responding to accidental spills and leaks (Lynch, 2001) . Toluene was selected for evaluation by EASE because it was used as a solvent in many areas of the polychloroprene manufacturing facility.
The purpose of this study was to determine if EASE, a knowledge-based artificial intelligence program, could accurately choose specific chemical concentration ranges that agreed with operator exposure samples taken at a polychloroprene manufacturing plant. Specifically, full-shift personal sample results from an occupational hygiene database at a polychloroprene manufacturing plant, covering a range of process areas and job duties, were compared to time-weighted average (TWA) concentrations calculated from EASE estimates.
MATERIALS AND METHODS
A large set of full-shift personal breathing zone samples, taken on chemical operators in several areas at a polychloroprene manufacturing plant in the period 1976-1996, was used in this study to investigate the accuracy of EASE in assessing chloroprene and toluene workplace exposure. All air samples were collected on activated charcoal tubes by active sampling and analyzed by gas chromatography. Results for toluene and chloroprene were recorded on the same sample data sheet. The limit of detection was about 0.003 p.p.m. for both compounds.
A portion of the data set from the years 1988 to 1991, consisting of 639 sample sheets, was reviewed for this investigation because the sample data sheets from this period tended to be reasonably complete. The time period was restricted to minimize the potential effect of process changes or work team reorganization on exposure distributions. Two hundred and six samples with adequate documentation were selected for inclusion in this study. Sample sheets were considered adequate if they included information about the area where the operator worked, the process involved, tasks performed and total time of sampling. Sample sheets listed the job assignment as well as the areas where employees worked. Eight process areas were selected for statistical analysis based on the potential for chloroprene or toluene exposure and the availability of at least 10 adequately documented samples from that specific area. The process areas selected were: aqueous waste (30 samples), chloroprene synthesis (44), chloroprene refining (11), solution make up (SMU; 20), large polymerization kettles (LPK; 22), polymerization (POLY; 38), incinerator (23) and boiler (18). If one area was documented on the data sheet, it was assumed that the operator remained in that process area for the entire shift. Sample sheets that indicated that the operator worked in multiple areas were excluded from selection.
To compare EASE predictions with the measured full-shift sample results, EASE estimates were developed based on the process conditions for each task, and then the EASE task estimates were weighted by the task duration to obtain EASE-based TWA concentration estimates for each sample. If task time was noted on the data sheet, that time was used. If task time was not noted, approximate task times were used based on the typical task durations reported by employees in interviews conducted by the investigators. Exposure was assumed to be negligible during time on the shift not accounted for by specific tasks.
Exposure scenarios for chloroprene and toluene for each process area and task were developed based on process and work practice information obtained from interviews with process engineers and operators at the manufacturing plant, from direct observation of the plant processes and from plant documents. The following inputs were entered into EASE based on these exposure scenarios: inhalation exposure, physical state-liquid, no aerosol formation, vapor pressure at 20 C, temperature of material (depending on area and process), non-dispersive use pattern (indicating some workers are exposed) and pattern of control segregation (engineering controls are used to separate the worker from the process).
For each exposure scenario, EASE produced an 'exposure band' range of concentrations, representing the predicted concentration during a continuous (e.g. full-shift) exposure. For each task scenario, the midpoint of the EASE-estimated ranges was multiplied by the approximate fraction of chloroprene or toluene present in the process stream. Finally, EASEbased TWA estimates were calculated as described above. The ability of EASE to predict individual sampling results was assessed by correlation analysis.
The ability of EASE to predict exposures on an aggregate level for each process area selected was assessed by a qualitative comparison of the overlap between the distribution of the measured data and the distribution of the EASE-based TWA estimates.
RESULTS

Prediction of individual sampling results
Scatter plots of the log-transformed EASE estimates and measured concentrations of the chloroprene and toluene samples are presented in Figs 1 and 2, respectively. Fifteen (7%) of the chloroprene measurements and one of the toluene measurements were below the limit of detection at 0.003 p.p.m. The Spearman correlation coefficient between measured and estimated concentration was 0.55 for chloroprene and 0.44 for toluene. In 23% of the chloroprene samples and 8% of the toluene samples, the EASE-based estimate exceeded the measured value by at least one order of magnitude. The trend line for the chloroprene scatter plot lay above the perfect agreement line, indicating that the EASEbased TWAs tended to overestimate individual sample results. The EASE-based TWAs for toluene were unbiased and moderate predictors of individual sample results.
The US Occupational Safety and Health Administration has established permissible exposure limits (PELs) of 25 p.p.m. for chloroprene and 200 p.p.m. for toluene. The American Conference of Governmental Industrial Hygienists set their threshold limit values (TLVs) for chloroprene at 10 p.p.m. and for toluene at 50 p.p.m. Five of the measured values for chloroprene fell between the TLV and the PEL and one exceeded the PEL. Twenty-five of the EASE-based TWA estimates for chloroprene fell between the TLV and PEL, and five exceeded the PEL. Two of the EASE-based TWA estimates correctly predicted when the TLV was exceeded; otherwise, the measured values and the EASEbased estimates identified different samples as exceeding the PEL or TLV. The measured values and EASE-based TWA estimates for toluene exposure were all below the applicable PEL and TLV except for one measured sample that exceeded the TLV of 50 p.p.m.
Comparison of predicted and measured distributions
Box and whisker plots were constructed to compare the distributions of EASE-based TWA estimates and the observed sample results for chloroprene (Fig. 3) and toluene (Fig. 4) . The box represents the 50% of the measured data that fell between the first and third quartiles. The interquartile ranges of the EASE-based estimates are indicated by thick black lines superimposed over the box and whisker plots of the 149 Evaluation of EASE estimates measured data. The central 50% of the EASE-based estimates for chloroprene at least partially overlapped the central 50% of the measured samples in all areas except CD synthesis. The central 50% of the EASEbased estimates for chloroprene fell in the upper 50% of the measured samples for the LPK, waste, CD refining, POLY and SMU areas. The central 50% of the EASE range fell in the lower central 50% of the measured distribution in the incinerator and boiler areas (areas of low exposure potential). The central 50% of the EASE-based estimates for toluene at least partially overlapped the central 50% of the measured samples in all eight process areas.
DISCUSSION
This study compared EASE-based estimates of volatile chemical exposure with measured data at both the individual level and the aggregate level in eight different process areas of a chemical plant. It should be noted that the EASE-based TWA estimates were derived using estimates of the duration of various tasks, the temperature of the process stream and the concentration of chloroprene and toluene in the process streams. These process-related estimates were based on information obtained from interviews of plant personnel and plant records, and were therefore a source of potential error that was independent of EASE. Thus, this study did not constitute a pure test of EASE. It was, rather, a test of EASE as applied to a set of processes in which the workers experienced multiple potential exposure scenarios in a single work shift. EASE predicts airborne concentrations of volatile substances based on the assumption that the substance is present in the pure state. Because this assumption did not hold true for some of the processes in this study, we adjusted the EASE estimates by the approximate fraction of chloroprene or toluene in the process 151 Evaluation of EASE estimates stream. In doing so, we relied on the assumption that the vapor pressure of chloroprene and toluene in mixtures was proportional to their concentration in the mixtures, in conformity with Henry's Law or Raoult's Law. This assumption was questionable for chloroprene in the presence of its polymer. In an experimental study by Gudkov et al. (1964) , the vapor pressure of chloroprene dissolved in solid polychloroprene was found to be strongly suppressed relative to the vapor pressure that would be predicted by Raoult's Law. In the industrial process, polychloroprene was present in most of the process areas either in emulsion as the intended product of controlled polymerization (LPK and POLY areas) or as an undesirable solid by-product called 'popcorn' that must be filtered out of the process stream (CD synthesis, CD refining, POLY and waste.) It is therefore possible that the vapor pressure of chloroprene for some tasks in these areas was reduced due to the presence of polychloroprene, resulting in lower actual concentrations than were predicted by adjusting EASE estimates by the fraction of chloroprene in the process stream.
EASE overestimated exposure consistently in the CD synthesis area. In employee interviews, CD synthesis was reported to be a distinct job assignment, but data sheets indicated that CD synthesis operators often worked part of the shift in other areas that had no chloroprene exposure. This may explain part of the discrepancy between EASE estimates and measured values in the CD synthesis area. This underscores how difficult it is to depict the actual working conditions for use in EASE modeling.
The ability of EASE to predict individual sample results was investigated with a scatter plot and correlation analysis. Spearman correlation between EASE predictions and measured data was moderate for both chloroprene (r = 0.55) and toluene (r = 0.44). Large scatter around the trend line for both chemicals indicated low predictive value. The chloroprene trend line was displaced upward from the perfect agreement line, indicating a tendency for the EASE-based TWAs to overestimate the exposure.
The box and whisker plots depicted the distribution of exposures from each process area. Chloroprene exposure varied more between different process areas than did toluene exposure. The ranges of EASE estimates were also more varied for chloroprene than for toluene. The lowest exposure band generated by EASE was 0-0.01 p.p.m. Toluene's low volatility constrained the upper end of the EASE estimate range and the low end of the range was limited to zero. The amount of toluene present in the manufacturing process was small, further limiting the potential range of exposures. This limited range of observed and predicted exposures might help explain the high degree of overlap in the box and whisker plots between EASE-based estimates and measured sample value distributions for toluene. Bredendiek-Kämper (2001) also found that EASE predicted exposure to low volatility organic solvents more accurately than exposure to high volatility organic solvents.
The EASE-based predictions greatly overestimated chloroprene exposure in one process area and fell in the upper half of the 50% central distribution in five areas. As noted above, suppression of chloroprene vapor by dissolution of chloroprene in polychloroprene might partially account for the measurement of lower-than-predicted chloroprene concentrations in some process areas. Also, two areas where EASE overestimated exposures, chloroprene synthesis and chloroprene refining, were located outdoors, where natural ventilation by the wind could have reduced concentrations. The limited input options in EASE for 'Pattern of Control' did not allow inclusion of natural or artificial dilution ventilation as a secondary control along with segregation. However, EASE also overestimated exposures in the SMU area, where suppression of chloroprene vapor by polychloroprene was unlikely to occur. Furthermore the SMU area was indoors but well ventilated. It would thus appear that the tendency of EASE to overestimate chloroprene exposures is not fully accounted for by these factors. In the boiler area, chloroprene was believed to be present as only a small fraction of the process stream and the raw EASE estimate was adjusted accordingly. The EASE-based predictions could be low if the chloroprene fraction were underestimated in the process information collected or if the background levels were not negligible as assumed. Finally, it should also be noted that EASE is based on the NEDB from the UK while this study used US exposure data.
CONCLUSION
EASE is a simple model requiring only a few physical-chemical inputs. This study evaluated the usefulness of EASE as a screening tool for risk assessment or for determining the need for occupational hygiene sampling. Considering that the EASE model required such minimal inputs, it is remarkable that EASE estimated exposure distributions as closely as it did.
Using process information and occupational hygiene sampling data from one manufacturing process, we compared EASE-based estimates to sampling results for two different substances used in the same processes but in different concentrations within the process streams or associated operations. The range of sample measurements covered over four orders of magnitude. However, EASE is also based on distributions averaged from the HSE database and the estimate of concentration is given as a range based on the spread of these averaged values. Just as any measure of central tendency would not accurately predict an individual sample, neither can a generalized program such as EASE be expected to be a good predictor of individual samples. Because EASE is used for a variety of environments, it is a general use model. To keep the model simple, assumptions are programmed into the decision tree logic, which may not always account for the actual behavior of chemicals in mixtures or the diversity of tasks within a work shift. Adjustment of EASE estimates to account for this complexity in the real world introduces further uncertainty into the modeling. In this study, the available process information relevant to operator exposure, though detailed, required many approximations concerning actual task time and process stream composition. The inputs used in this study were probably no more uncertain or inaccurate than they would likely be in routine application of EASE by its intended users.
The results of this study strongly suggest that there might be severe limitations to the use of EASE as an exposure estimation tool. In particular, it could not be safely concluded that the EASE-based estimates were consistently conservative (i.e. always overestimated exposure) or consistently accurate within a reasonable factor. Therefore, EASE should not be used as a substitute for individual sampling but could be used as a tool for quantitative estimation of exposures if it is recognized that the actual interquartile range could be much wider and/or offset by a factor of 10 or more. For preliminary exposure assessment or for quick estimation of work place conditions, alternative or supplementary tools are available. For example, detector tubes are a cheap and reasonably accurate (within -25%) method that a relatively untrained person could use to estimate high exposures. Of course, decisions should not be based on a single measurement or a single estimation tool.
Due to the simplicity of inputs, EASE can be useful in providing very generalized exposure ranges for work conditions that would not otherwise be feasible to sample, such as transient work sites encountered in construction, proposed short-term work locations of projects to be done once or very infrequently, or in the design stage of proposed new work processes. Unfortunately, the need to adapt the very generalized nature of the EASE estimation process to the complexity of actual exposure situations limits its usefulness to serve as a tool for knowledgeable professionals and inhibits its application as a simple approach that can be used by owners or workers alike in small workplaces.
